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Abstract: The subject of the article is issues related to innovative indices for power system stabilizers
(PSSs). These new indices will be able to quickly show which PSS (among many other PSSs) is
not working properly and that advanced optimization and simulation methods should be used to
improve the PSS settings. The authors note the fact that the acceptance requirements for PSSs are
different in various power systems. Moreover, the authors pay attention to the fact that transmission
system operators (TSOs) often have different PSS requirements (tests) even though they work in
the same large power system. The article reviews the requirements for the PSSs used by TSOs of
various power systems. The need to supplement the required tests with new qualitative indices
is demonstrated. In the paper, new performance indices are proposed to improve the evaluation
of the PSS and to check the desired performance of the stabilizer. These indices are derived from
the active power frequency response characteristic with PSS and without PSS (PSS ON and PSS
OFF). Additionally, the new PSS indices allow the graphical visualization of the properties of all
synchronous generators equipped with the PSS in a predefined area on a single 3D graph. Such
visualization can be used to quickly detect weak points of the power system.

Keywords: acceptance requirements; performance index; power system; power system stabilizer

1. Introduction

Synchronous generators operate over a wide range of operating conditions with many
types of disturbances from the power system. They include, among others, active power
oscillations (electromechanical swings of the power system). If appropriate damping is not
available in the generator, the active power oscillations due to disturbances that may appear
can cause generator tripping or even power-system collapse [1]. To produce a positive
damping of these oscillations, an additional regulation loop is used in the synchronous
generator’s excitation-control system. This loop is called the power system stabilizer (PSS).
The PSS can damp the oscillatory modes that involve a small number of generators close to
the considered generator, which are called local modes (0.7-3 Hz). Large power systems
also experience global oscillatory phenomena that involve a large number of generators
and are characterized by the inter-area modes (0-1 Hz) [2]. A fine-tuned PSS should have
adequate damping of local modes and also provide damping of inter-area modes (damping
of the active power response tested in the frequency domain and in the time domain [1]).
Furthermore, a fine-tuned PSS is very important due to the fact that it can damp the
oscillations or the opposite effect will occur, which may have fatal consequences for the
stability of the power system. Therefore, the PSS is an important element for the stability of
the power system.

An increase in generation from renewable energy sources; e.g., wind farms or photo-
voltaic installations, contributes to a reduction in the inertia constant of a power system
and the transient stability issues [3]. The reduction in stored kinetic energy (inertia) will
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have an effect on system operation and security due to an increase in the amplitudes of
the frequency variations [1]. Additionally, an increase in photovoltaic installations in the
power system decreases the damping of the inter-area oscillation mode. The mode shape
varies with the photovoltaic control strategy, and new oscillation modes may occur under
inappropriate parameter settings in the photovoltaic plant controls [4]. So, the importance
of the PSS is growing.

Research work related to power system stabilizers can be divided into two main groups.
The first group of publications covers issues related to the optimization of PSSs [5-7]. The
second group is searching for new PSS structures [8]. The spectrum of the proposed
PSS tuning techniques is very wide and includes conventional tuning methods [9-11],
heuristic methods [12], neural networks [13], mixed target functions [14], and finally
artificial intelligence [15]. Many methods can be used to numerically solve the problem of
multi-criteria optimization [16] and the problem of the correct location of the PSS [17]. The
above-mentioned algorithms mainly regard optimization, but the subject of this article was
to develop “quick” indices to show if a PSS is working properly.

To check the correctness of PSS settings, it would be best to use optimization algo-
rithms [5-7,16] that are verified in each case by a simulation study. Unfortunately, these
are time-consuming and costly. Bearing the above in mind, we propose the use of two
new indices that can verify the correctness of PSS tuning faster and easier. The indices
do not require costly and complex tests. The effectiveness of the proposed PSS indices
have been practically demonstrated for the selected generating units in the power system
based on real measurements made by one of this paper’s authors. The new indices will
make it possible to compare the effectiveness of PSSs in a close location in a power system
(managed by the same TSO) and indicate the PSS with the worst settings—which can be
further analyzed using advanced optimization algorithms.

Unfortunately, the acceptance requirements for PSSs are different in other power
systems. It is also worth noting that transmission system operators (TSOs) have different
requirements (tests) even though they work in the same large power system. The PSS
requirements include tests such as the following;:

Step-response test,

Line-switching test,
Frequency-response test,

Gain margin,

Limiting-function test,

PSS/limiter interaction test,

Damping index from step-response test.

In these tests, there is only one performance index (damping from step-response test)
that clearly describes the quality of the PSS as a numerical value (test details based on TSO
requirements are described in Section 5). This fact confirmed that additional PSS indices in
the form of a numerical value are also needed.

This paper will be present an overview of how the PSS function is built into the struc-
ture of the excitation system, the PSS-P-w theory, the process of PSS parameter selection,
an overview of the PSS tests performed in the world, the PSS performance index used, and
new performance indices proposed for the PSS.

Additionally, this paper will describe the practical application of these two new PSS
indices. The considerations were limited to the currently recommended dual-input PSS-P-w
stabilizers (industrial standard), which included types PSS2A, PSS2B, and PSS2C [18].

Test systems usually are used to analyze the work of PSSs, but we used the possibility
of their practical verification. In our opinion, the tests performed on real objects allowed
for a correct and reliable assessment of the new indices’ effectiveness and the verification
of their practical application.
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2. PSS in the Excitation System of the Synchronous Generator

The phrase “excitation system of the synchronous generator” is a kind of simplification.
In fact, this system consists of the following two separate elements [19]:

e  Synchronous machine regulator (excitation controller),
e  [Exciter (static or rotating).

The exciter has a subordinate function in relation to the synchronous machine regulator,
which is the control unit of the exciter. This relationship is shown in Figure 1.

SYNCHRONOUS MACHINE REGULATOR

| |
[ i
| | V
! V¢ | Voltage Transducer | | —
! and [
! Load Compensation ‘
| i ls
I i
: Power System |« | EXCITER
i Stabilizer (PSS) |« i Static Exciter
! [ (controlled rectifier) SYNCHRONOUS
| Vo | | or Ero .|” MACHINE
! Voltage Regulator —»  AC Exciter and
I [ (non-controlled | POWER -
: 7 N S W | : rectifier) Irp SYSTEM
I Vel |Voer  |Vscloer |VscLue [ or
i * * i DC Commutator
'Viest | |____| Under/ Over / Stator 3 ! Exciter
i Vscwsum | EXcitation Limiters | :
| I Vq — generator voltage
I Vg refinc Vg ref dec I Vger  —generator voltage reference
| Yy v I Vpss  — PSS output signal
| - - .
i Vgret | Setpoint adjuster . Vew  —PSStestsignal
i | Verr - voltage error
| of Vg rer L g — generator/stator current
Ve — V4 with load compensation
! A i [ -9 ;
N S S I Vi — limiter output signal
V. . V. Vout — regulator output signal
g refinc g ref dec Vgrerine — Vg rerincrease command

Vgretine — Vgrer decrease command
Erp - field voltage
Irp — field current

Synchronizer, master controller, control room
(operator), etc.

— == - alternate signal location

Figure 1. Block diagram of an excitation system.

Modern synchronous machine regulators have many more functions than just regula-
tion of the terminal voltage. The synchronous machine regulator is now synonymous with
the digital excitation-control system. These systems have a complex structure, usually dual-
channel or even three-channel. Today’s regulators must have many additional important
functions that allow, among others:

Cooperation with power plant automation systems [20]—many communication interfaces,
Detection of thyristor conduction loss [21]—self-diagnostic of the excitation system,
Measurement of the generator’s rotor-winding temperature [22]—generator diagnostics,
Damping of terminal voltage oscillations or active power oscillations when the gener-
ator is driven by a low-speed engine [23] (light-frequency compensator),
Communication with power plant control systems [24].

The main functions of synchronous machine regulators are:

Starting of the excitation system in an open-circuit condition without overshoot of the
terminal voltage,

Terminal voltage regulation, reactive power regulation, or power-factor regulation,
Keeping the generator inside of the capability area.

An example of a synchronous machine regulator model with a static exciter (usually a
controlled thyristor rectifier) is shown in Figure 2.
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Figure 2. ST1C-type excitation system model [18].

Figure 2 shows the total gain of a static excitation system—gain K [18]. This gain
includes the gain of the voltage regulation loop, the gain of the excitation transformer, and
the gain of the thyristor firing card. A large Kx gain (i.e., K5 = 500) causes the excitation
system to react strongly only to the voltage error. Unfortunately, this gain weakens the
damping introduced by the damper windings and field windings. In the extreme case of
a heavily loaded generator (and a long transmission line), a large K5 may result in net
negative damping, thereby leading to an oscillatory a loss of stability [1]. On the other
hand, a low value of K4 gain may trigger a loss of the system’s voltage stability, which
manifests itself in a voltage breakdown due to a small disturbance that is called the voltage
collapse [25]. Therefore, in a synchronous machine regulator requires a PSS loop (Figure 1),
which increases the damping of the local swing modes (0.7-3 Hz) and does not reduce
damping of the inter-area modes (0-1 Hz). The alternate PSS input locations are shown in
Figures 1 and 2.

3. Dual-Input PSS Theory

Several PSS models are currently applicable, but dual-input PSS-P-w stabilizers
(PSS2A, PSS2B, and PSS2C) have become the industry standard. With the above in mind,
we will focus on dual-input stabilizers later in this paper. The input signals for the dual-
input PSS are the generator active power and the compensated shaft speed deviation (both
calculated from the Vg and Ig signals; Figure 1). The algorithm of the dual-input PSS-P-w
stabilizer is shown in Figure 3.

The PSS-P-w principles can be explained by the swing equation (without damping)
given by [26,27]:

2. H-Aw= /(APm — APy)dt (1)

where H—inertia constant of turbine and synchronous generator, Aw—shaft speed devia-
tion, Pm—mechanical power, and Pg—electrical power (generator active power).
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Figure 3. The algorithm of the dual-input PSS-P-w stabilizer.

The green part of the PSS algorithm (Figure 3) is used to derive a signal proportional
to the integral of the pseudo-mechanical power (P},) deviation signal. This signal can be
calculated using swing Equation (1) transformed into the following form:

1 " 1
o / APt = Acomp + 577 / APydt @)

where Awcomp—compensated shaft speed deviation calculated from the Vg and I signals
(Figures 1 and 3) and a compensation reactance Xcomp [28] (where Xy < Xcomp < Xq [27]).

The relation (2) is used to calculate a signal by adding to compensated shaft-speed-
deviation signal (Awcomp) and the integral of the electrical power (Pg)-deviation signal.
It would appear that nothing has been gained, but a subtle change was made. Generally,
mechanical power deviations are quite slow relative to the shaft’s mechanical oscillations,
so a low-pass filter (Figure 3) derived the signal proportional to the integral of pseudo-
mechanical power without slow variations in power.

The red part of the PSS algorithm (Figure 3) is used to derive a special shaft-speed-
deviation signal (Aw*). This signal can be calculated using swing Equation (1) transformed
into the following form:

1 1
Aw* = — [ AP dt — — [ AP,dt
“ ZH/ m ZH/ 8 ®)

The relation (3) is used to calculate a signal from the difference between the integral of
the pseudo-mechanical power (Py,) deviation and the integral of the electrical power (Pg)
deviation. This special shaft-speed-deviation signal (Aw* does not contain the unwanted
run-out of the shaft and is referred to as the accelerating torque (or power because shaft
speed changes are quite small)). The special shaft-speed-deviation signal is amplified in
the PSS gain block (Figure 3) and then goes to the phase-compensation block.

4. PSS Parameter Selection

The settings of individual PSS parameters will be presented using the example of the
PSS2C structure. The block diagram of the PSS2C is shown in Figure 4.

The sample values of all PSS2C settings can be found in the standard [18] in the form
of Table 1.
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Figure 4. Block diagram of the PSS2C [18].
Table 1. Sample data (settings) for PSS2C stabilizer for ST1C model [18].
Description Symbol Type © Value Units
PSS gain Kgq A 20 pu
PSS gain Ksp E/A @) pu
PSS gain Kgs E 1 pu
PSS transducer time constant Te E 0.0 s
PSS transducer time constant ) T, A 10 S
PSS washout time constant Tw1 A 10 S
PSS washout time constant Two A 10 S
PSS washout time constant Tws A 10 s
PSS washout time constant Twa A © s
PSS transducer time constant Tg A 0.30 S
PSS washout time constant Tg A 0.15 s
PSS low-pass filter exponent M A 2 -
PSS low-pass filter exponent N A 4 -
PSS numerator (lead, comp., 1st block) Ty A 0.16 S
PSS denominator (lag, comp., 1st block) T, A 0.02 S
PSS numerator (lead, comp., 2nd block) T3 A 0.16 s
PSS denominator (lag, comp., 2nd block) Ty A 0.02 S
PSS numerator (lead, comp., 3rd block) T10 A CY S
PSS denominator (lag, comp., 3rd block) Ty A @ s
PSS numerator (lead, comp., 4th block) T12 A () S
PSS denominator (lag, comp., 4th block) T13 A CY S
Maximum PSS output VsTmax A 0.20 pu
Minimum PSS output VsStmin A —0.066 pu

@) The Kg, should be calculated as T7/2H, where H is the generator inertia constant. ®) The time constant T
should be equal to Tw. (© The washout block with time constant Ty should be bypassed. @ The third and
fourth lead-lag blocks were not used in this example. ) Type A—adjustable parameter; Type E—equipment

characteristic.
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Almost all settings shown in Table 1 are marked as Type A, which means an adjustable
parameter. However, by knowing the inertia constant H, we can calculate the values of Ty,
Ksp, and Tg; and in most cases, we can use other PSS settings from Table 1 except for the
following items, which require special selection (these settings are marked in red in the
Table 1): phase compensation (T Ty, T3, T4, T10, T11, T12, and T13) and PSS gain (Kg;)—see
Figure 4.

The settings of the phase compensation (Figures 3 and 4) are important because there
is some delay between a field voltage change and the resulting magnetic-flux change inside
the generator. Therefore, if the torque is to be injected in phase with the shaft speed change,
it is necessary to “advance” the speed-change signal before applying it to the input of the
exciter. A phase-compensation block achieves this function by shifting (leading) the special
speed-signal deviation (Aw* in phase. This phase should compensate for the delay shift in
the generator field circuit. The structure of the phase-compensation block of the PSS2C is
shown in Figure 4.

The selection of the PSS2A phase compensation characteristic (Figure 4) is achieved
by the selection of the values of the four time constants: Ty Ty, T3, and T4. The phase-
compensation block in the PSS2B is equipped with additional elements with the constants
T10 and Tq1 and in the PSS3C with the constants T, and Tq3. So, the selection of the
PSS2B phase-compensation characteristic requires the selection of six time constants and
the selection of the PSS2C phase-compensation characteristic requires the selection of eight
constants. An example of the PSS2A phase-compensation characteristics for three different
values of T7 and T3 and a fixed value of T and T is shown in Figure 5 (see Section 5.5 and
Figure 9; the best setting for that particular PSS was used: T = T4 =0.02s, T1 = T3 = 0.20 s).

120 T T T T

100 -

[0}
o
T
1

Phase [deg]
3

40

T

—_— T1=T3=0.20 s
T,=T,=0.16 s
[ T1=T3=0.12 s
O 1 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3 3.5 4
Frequency [Hz]

Figure 5. Examples of the PSS2A’s phase-compensation characteristics (Tp = T4 = 0.02 s,
T1=T3=020s/0.165/0.12s).

The process of selecting the PSS gain Kg; is described in Section 5.4.

5. Overview of the PSS Tests Performed in the World

The PSS requirements specified by the transmission system operator (TSO) should also
meet the requirements of the grid regulatory authority. The areas under the jurisdiction
of several grid regulatory authorities and the areas of some of their TSOs are shown in
Figure 6.

So, the requirements specified by the European TSOs should also meet the require-
ments of the European Union/European Network of Transmission System Operators
for Electricity (EU/ENTSO-E). For example (as shown in Figure 6), the EU/ENTSO-E
requirements specified in [29] should meet those of TSOs such as:

e NORDIC [30]—Denmark, Finland, Norway, Sweden;
e NGESO [31]—United Kingdom (UK);
e PSE [32]—Poland (PL).
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Figure 6. Areas under the jurisdiction of several grid regulatory authorities and some of their TSOs.

Similarly, the requirements specified by the North American TSOs such as the Western
Electricity Coordinating Council (WECC) [33,34] should meet the requirements of the
North American Electric Reliability Corporation (NERC) [28]. The situation is different
in, for example, Malaysia (MY) [35-37], which does not have any overriding requirements
(Figure 6). A summary of the PSS tests required by the above-mentioned grid regulatory
authorities and tests required by their TSOs (Figure 6) is presented in Table 2.

Table 2. Summary of the PSS tests required (+) by grid regulatory authorities and their TSOs.

GRID REGULATORY
AUTHORITY NERC EU, ENTSO-E GCfPM
TSO WECC NORDIC
USA Denmark NGESO PSE GCfPM
Canada Finland UK Poland Malaysia
PSSTEST TYPE Mexico Norway Sweden
PSS Simulation Studies + + + + - — +
PSS Step-Response Test + + — - + — +
PSS Damping Index Test — — = + — — T
Frequency-Response Tests + + — + + _ +
PSS Gain-Margin Test + + — — + — +
Line-Switching Test = — — — — _ T
PSS Limiting-Function Test + — = — — _ _
PSS/Limiter Interaction Test — + = — —_ — _

The PSS tests presented in Table 2 will be described in detail in the following sections.
The descriptions of the PSS tests are based on the current recommendations [28-38] and
contain information on how to perform them and the acceptance criteria. Note that all
PSS tests and simulations described below should be performed with the synchronous
generator loaded to at least 0.8 pu of the full load (0.8 Pgp).

5.1. PSS Simulation Studies

PSS simulation studies should be performed carefully because there may be a differ-
ence between the performances of the input to the PSS, which may cause a difference in
simulation vs. measurements (expert knowledge). This may be the case if the compensated
shaft-speed-deviation signal is different than the shaft-speed deviation.
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Acceptance Criteria [27]

“The simulation shall be deemed successful if the following conditions are cumulatively fulfilled:

e  the PSS function damps the existing active power oscillations of the power-generating
module within a frequency range specified by the relevant TSO. That frequency range shall
include the local mode frequencies of the power-generating module and the expected
network oscillations,

e asudden load reduction of the power-generating module from 1 to 0.6 pu of the maximum
capacity does not lead to undamped oscillations in active or reactive power of the
power-generating module.”

5.2. PSS Step-Response Test

The step-response test shall be performed by injecting a step signal (0.02-0.03 pu) into
the automatic voltage regulator reference Vg ref (Figures 1 and 2).

Acceptance Criteria

The test should demonstrate a greater damping of the active power oscillations with a PSS
compared to the oscillations without a PSS (Figure 7).

0.88 T T T T T T T T T T T T T T T T T T T
PSS ON (A)™
0.87 9 (A) '

0.86
0, ®0.85

Pg PSS ON (B) n

(pu]

PSS is OFF P
PSS is ON

>
< 0.0 I ] 1 1 1 I I I L I I I | 1 1 | I 1 L

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Time [s]

Figure 7. PSS step-response test with PSS OFF and PSS ON [39].

5.3. PSS Damping Measurement from Step-Response Test

The PSS step-response test (described above) can be used to calculate the damping
value of the power oscillations with a PSS compared to the active power oscillations without
a PSS. This damping (damping index DR) is calculated from the ratio of the two active
power overshoots (Pg pss oN (A), Pgpsson (B); see Figure 7). The damping index DR is
given by:

)
PR= Vi3 @

where the logarithmic decrement is:

5—In Py pss oN (4) — Pg ref )
Py pss oN (B) — Pg ref
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Acceptance Criteria

The test should demonstrate a greater damping of the active power oscillations with a PSS
compared to the damping of the active power oscillations without a PSS (Figure 7), and the
damping index DR (4) shall be greater than X% (where the X value is given by the TSO).

5.4. PSS Gain Test

The selection of the PSS gain Kg; (Figures 3 and 4) should be adjusted during com-
missioning. The PSS gain margin (Ks; 11v) is identified by slowly increasing the PSS gain
until a rapid active power oscillation occurs (when Kg; = Kg;_1nv). For good stability of the
control loop, the PSS gain Kg; should be reduced to 1/3-Ks; 1nv [1,34].

Before the PSS gain test, the Ks; should be increased twice (2:Kgp). With this temporary
increased gain, the step-response test (see Section 5.2) should be done. After this test, the
PSS gain should of course be restored to its original value (Kg;).

Acceptance Criteria

No active power oscillations should occur during the step-response test with the PSS gain
increased twice (2-Kgp).

5.5. PSS Frequency-Response Tests

The PSS frequency-response tests with and without a PSS shall be performed by one
of the following methods (Viest is shown in Figures 1 and 2):

e Injecting a sequence of sinusoidal Vet signals in the range of 0.1-5 Hz at an interval
of 0.1 Hz,
Injecting white noise as a Vst signal and using fast Fourier transform,
Generating an impulse (impulse test) of a Viest signal and using fast Fourier transform;
this test is typically larger in magnitude than the PSS step-response test (0.10 pu vs.
0.02 pu) but for much shorter durations (0.1-0.5) s.

Based on the tests with and without a PSS, we could achieve a comparison of the active
power frequency response with PSS—Gpss on(f) vs. the active power frequency response
without PSS—Gpss opr(f). The active power frequency response without a PSS will indicate
the frequency of the local mode oscillation. However, this will not indicate the inter-area
oscillations because they are very difficult to excite with a single generator connected to the
grid. In addition, the test without a PSS can achieve the characteristic of the phase between
the terminal voltage and the injected Viest signal. This characteristic can be used (in the
case of PSS2A, PSS2B, or PSS2C) to verify the PSS’s phase-compensation settings through
selection of the time constants (Figure 5).

Acceptance Criteria

The active power frequency-response test shall demonstrate damping of the active power
frequency response with a PSS compared to the active power frequency response without a PSS
(Figure 8). In the case of a dual-input PSS-P-w stabilizer, the sum of the PSS’s phase-compensation
characteristic and the phase characteristic of the generator terminal voltage (V¢, Figure 1) without
a PSS must be close to 0 degrees in the inter-area modes (0-1 Hz). If local stability concerns
require PSS settings that result in an inter-area phase shift other than zero, the settings should not
result in a phase shift over —30 degrees in the inter-area modes (Figure 9).
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Figure 8. Impulse test fast Fourier transform [28].
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Figure 9. PSS phase characteristics [40] (phase compensation: T, = T4 =0.02s, T1 = T3 = 0.20 s).

5.6. Line-Switching Test

The line-switching test with and without a PSS shall be performed by using a line-
switching operation or changing the tap of the generator’s step-up transformer.

Acceptance Criteria

The test should demonstrate a greater damping of the active power (less oscillation) with a PSS
compared to the damping of the active power oscillations without a PSS during the same tap
change (i.e., from tap 10 to 11, as shown in Figure 10).
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Figure 10. Changing the tap of the step-up transformer [40].

5.7. PSS Limiting-Function Test

The PSS limiting-function test shall be performed by increasing the input signal or
increasing the PSS gain until the PSS output signal is clipped. The settings of the PSS
limiting function (Vstmax, VsTmin) are presented in Table 1.

Acceptance Criteria

Verification can be carried out by measuring the PSS output signal (Vpgg in Figures 1-4). The PSS
output signal cannot move the generator terminal voltage beyond a preset setting. A typical range
of Vsrmax and Vgrmin settings is from +5% to £10% of the rated generator terminal voltage.
Moreover, the asymmetrical limits may be employed.

5.8. PSS/Limiter Interaction Test

All limiters of the synchronous machine regulator (Figure 1; alternate limiter inputs
are shown in Figure 2) must be coordinated with the PSS to ensure a stable performance
during limiter operation. For example, after the PSS gain is set, the machine should
remain underexcited until the under-excitation limiter (UEL) becomes active. Then the
step-response test (see Section 5.2) should be conducted, and no active power oscillations
should occur.

Acceptance Criteria

The test should demonstrate that there is no interaction or instability between the PSS and
each limiter.

5.9. Summary of the PSS Tests

In the above PSS tests, there was only one performance index that described the
quality of the PSS as a value—the damping index DR (see Section 5.3). In our opinion, it
is necessary to define additional performance indices that describe the quality of a PSS
as values.

Such new indices would be particularly useful in relation to the active power frequency
response with a PSS and the active power frequency response without a PSS. Currently, the
relationship between these responses (acceptance criteria) is given in Description (1) below.


http://mostwiedzy.pl

A\ MOST

Energies 2022, 15, 9582

13 of 23

Description (1)—Relation of the active power-frequency response with and without a PSS

The frequency range of the inter-area oscillations (0.15-0.6 Hz) characteristic of a PSS should
indicate the same or better damping than without the PSS (see Figure 12). Additionally, the range
of local-area oscillations (1.0-2.0 Hz) characteristic of the PSS should indicate better damping than
without the PSS. In other words, the characteristic with the PSS should not lie above the
characteristic without the PSS. For frequencies higher than 2 Hz, the characteristic with the PSS
may lie above the one without the PSS, but the differences between these characteristics should
not be large.

The process of replacing the above Description (1) with new indices is described in the
next part of this paper. These new indices must of course be defined together with the new
acceptance criteria.

6. New PSS Performance Indices

Figure 11 contains an example of Gpss opp(f)—the active power frequency response
without PSS—showing the characteristic of the active power oscillation amplitude vs. the
Viest signal amplitude. The maximum frequency of the response should allow viewing of
the entire “resonance” part of the Gpss opr(f) characteristic (around 1.6 Hz in Figure 11).
This makes it necessary to measure the “resonant frequency” at least twice. The exact
method of measuring this characteristic is described in Section 5.5.

1.2 T T

PSS OFF

1.0 - .

| pss of = 1-36 Hz

0‘707'MPSS OFF

1
0.0 0.8 1.6 2.4 3.2 4.0
Frequency [Hz]

0.0 ;

Figure 11. Active power frequency response Gpss ork(f), test conditions: PSS is OFF, Py = 382 MW,
Qg =0 Mvar [39].

It is important to note that for all of the frequency responses listed below (Figures 11-18),
the vertical axis was scaled so that the maximum of the characteristic Gpss opr(f) (without
PSS) was equal 1.0 pu.

The maximum of the active power frequency response without a PSS (Figure 11) is
given by:

Mpss OFr = m}zx| Gpss ore(f)| (6)

The shape of the active power frequency response without a PSS (Figure 11) is similar
to the frequency response of the bandpass filter. Therefore, the active power frequency
response without a PSS can be described using the same parameters as the bandpass
filter [38] such as:

e  f1 pssorr—Lower cutoff frequency for which the active power frequency response
Gpss orr(f) becomes greater than —3 dB level, which means the level 0.707 Mpss orr (6),

e  fhpssorr—Upper cutoff frequency for which the active power frequency response
Gpss orr(f) becomes smaller than —3 dB level, which means level 0.707 Mpss orr (6),
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e  fopss orr—Center frequency, which is a measure of a central frequency between the
upper and lower cutoff frequencies and is defined as the geometric mean of these
frequencies:

fo pss OFF = v/ fL PSS OFF * fH PSS OFF (7)

Based on the Gpss orp(f) characteristic (Figure 11) and according to the above consid-
erations and relations (6) and (7), the following parameters were determined:

Mpss orr = 1.00;

frpssorr = 1.36 Hz;
furssorr = 1.75 Hz;
fopssorr = 1.54 Hz.

Figure 12 shows the active power frequency response without a PSS (copied from
Figure 11) and the active power frequency response with PSS (PSS is ON)—Gpss on(f) (see
Section 5.5).

Similar to relation (6), the maximum of the active power frequency response with the
PSS (Figure 12, PSS is ON) is given by:

Mpss oN = m}zx| Gpss on(f)] 8)

The Gpss on(f) characteristic (Figure 12; PSS is ON) may be described using parameters
similar to Gpss opr(f) such as the lower cutoff frequency, upper cutoff frequency, and center
frequency. The last parameter is given by:

fopss ON = v/ fL Pss ON * fH PSS ON )

Based on the Gpss on(f) characteristic (Figure 12; PSS is ON) and according to the
above considerations and relations (8) and (9), the following parameters were determined:

e  Mpss on =0.39;
° fLPSSON =1.40 HZ,‘
* fupsson =1.92Hz;
[ fO PSS ON = 1.64 Hz.
10 T T T T T T
f =1.36 Hz PSS is OFF
fLPSSOFF e PSS is ON
08 | HPssoOFF ~ 1-f2RZ R
0.707-Mpgs orr
=06
=
=
Qo4
0.707-M
0.2
0.0 - L 1 I 1 1 I 1 I 1

0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0
Frequency [Hz]

Figure 12. Active power-frequency responses Gpss orr(f) and Gpss on(f) under the following test
conditions: PSS is OFF/ON, Pg = 382 MW, Qg = 0 Mvar [39].
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1.0 T ; 1.0
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" pss opr = 1:28 12 fu pss opr =127 Hz
08 k 08 |
0.707-Mpss oFF 0.707 - Mpgs ofr
—06 —06 |
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Figure 13. Gpss opp(f) and Gpss on(f) for two sets of the PSS settings (a,b) under the following test
conditions: PSS is OFF/ON, Pg = 140 MW, Qg = 0 Mvar [40].

1 .0 T T T T T T T T
PR =70.9%
08 - FR=02Hz |
0.707-Mpss orr
lanssasesnsdnnnenansnnshanasanusansnansnsnnusannns | —

=06 1.34 Hz )
= PSS is OFF
= PSS is ON
Ooat

02 s A s e e SRR A AR AR

0.0

0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1 24 2.7 3.0
Frequency [Hz]

Figure 14. Gpss OFF(f) and GPSS ON(f)/ Pg =370 MW, Qg =5 Mvar [41].

1.0 T T T T

PR =33.7%
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............................................
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Figure 15. Gpss orr(f) and Gpss on(f), Pg = 140 MW, Qg = 0 Mvar [42].
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1.0 T T T

fpss oFr =228 Hz .

f

H pss on ~ 235 Hz

G(f) [pul]

02

PSS is OFF PR =41.4%
PSS is ON FR=0.0 Hz

00 1 1 L A1 1 1 i | 1 i 3
0.0 0.4 0.8 1.2 1.6 20 24 28 3.2 3.6 4.0
Frequency [Hz]

Figure 16. Gpss orr(f) and Gpss on(f), Pg = 400 MW, Qg = 4 Mvar [43].
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Figure 17. GPSS OFF(f) and GPSS ON(f)/ Pg =208 MW, Qg =0 Mvar [44].
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Figure 18. Gpss orr(f) and Gpss on(f), Pg = 600 MW, Qg = 0 Mvar [45].
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The authors’ experience [39-45] shows that the active power-frequency responses of
PSSs typically have one dominant “resonance frequency”—the local mode frequency (see
Figures 14-18), which is similar to the bandpass filter. Therefore, for the evaluation of the
PSS damping, a suitable index seems to be the difference between value 1 and the ratio of
the Mpss on (8) and Mpss orr (6) in percent. This first index, which will be called the peak
ratio (PR), is given by the relation:

mj?><| Gpss on(f)]

Mpss on )
PR=(1——"=""—1]100%=|1— -100% 10
( Mpss OFF mjgx| Gpss orr(f)| {10)

To check the properties of the PR index, we considered the characteristics shown
in Figure 13 that were measured during the commissioning of PSS2B [40]. PR indices
calculated according to relation (10) are shown in Figure 13; both indices had values greater
than 0% (characteristic in Figure 13a has PR = 55.9% and characteristic in Figure 13b has
PR = 35.3%), therefore both characteristics showed proper damping introduced by the PSS.
Moreover, the PR index in Figure 13a is greater than PR index in Figure 13b, so:

e  The characteristic in Figure 13a shows higher damping,
e  The characteristic in Figure 13b shows lower damping.

However, if we look at the characteristics from the point of view of the acceptance
criteria given in Description (1) (see Section 5.9):

e  The characteristic in Figure 13a did not meet the acceptance criteria given in the
description,
e  The characteristic in Figure 13b met the acceptance criteria given in the description.

Bearing the above in mind, an additional index is necessary to verify the properties of
the PSS characteristics.

To verify the correctness of the PSS tuning using the active power-frequency response,
we propose a second index. For the evaluation of the PSS damping, a suitable index seems
to be the difference between fy pss on (9) and fo pss orr (7). This second index will be
called the frequency ratio (FR) and is given by the relation:

FR = fopss ON — fo pss OFF = v/ fL Pss ON * fH Pss ON — V/fL pss OFF - fupssorr  (11)

So, if the value of FR (11) is less than 0 Hz then the center frequency of the characteristic
with PSS (9) is shifted from the center frequency of the characteristic without PSS (7) to a
lower frequency (Figure 13a). If the value of FR is equal to 0 Hz then the center frequencies
of characteristics (with and without PSS; Figure 13b) are equal. If the value of FR is greater
than 0 Hz then the center frequency of the characteristic with PSS (9) is shifted from the
center frequency of the characteristic without PSS (7) to a higher frequency.

FR indices calculated according to relation (11) are shown in Figure 13. The character-
istic in Figure 13a has FR = —0.5 Hz, and the characteristic in Figure 13b has FR = 0.0 Hz.

Therefore, despite the high damping shown in Figure 13a (PR = 55.9%), the shift of the
center frequency of this characteristic to lower frequencies (FR = —0.5 Hz) proved the low
effectiveness of the PSS and did not meet the acceptance criteria (given in Description (1);
see Section 5.9). The characteristic in Figure 13b has a lower damping (PR = 35.3%) but
did not shift the center frequency of the characteristic with the PSS (FR = 0.0 Hz) and met
the acceptance criteria (given in the description). However, the active power-frequency
response’s characteristic with FR = 0 Hz was a borderline case (Figure 13b). The PSS will
have better properties if the frequency range corresponding to the inter-area modes (0-1)
Hz introduces greater damping. The fulfilment of this requirement will be ensured by the
shift of the center frequency of the characteristic with a PSS to higher frequencies. Thus,
FR > 0 Hz and PR > 0 is the desired effect. Operation of the proposed indices (PR and
FR) will be verified by the active power frequency-response characteristics of the several
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different synchronous generators shown in Figures 14-18. The characteristics came from
the commissioning of the PSSs we carried out on real objects [39-45].

The values for PR and FR of the active power frequency-response characteristics of
the several synchronous generators shown in Figures 12, 13b and 14-18 are presented in
Table 3.

Table 3. Summary of PR and FR indices of the dual-input stabilizer (PSS-P-w) characteristics.

PSS No Figure Src (MS\’} A) Location "ll")yspi E,;f;::r fo &SISJJFF fo fIS{?z;) N PR(%) FR(Hz)
1 Figure 12 [39] 426 PL PSS2A STATIC 1.54 1.64 39.0 0.1
2 Figure 13b [40] 210 MY PSS2B ROTAT. 1.06 1.05 35.3 0.0
3 Figure 14 [41] 459 PL PSS2A  STATIC 1.56 1.73 70.9 0.2
4 Figure 15 [42] 209 PL PSS2A STATIC 1.21 1.45 33.7 0.2
5 Figure 16 [43] 472 USA, AZ PSS2A STATIC 1.70 1.74 414 0.0
6 Figure 17 [44] 271 PL PSS2A ROTAT. 1.10 1.25 37.2 0.2
7 Figure 18 [45] 902 USA, IA PSS2A STATIC 1.86 1.91 45.3 0.1

The active power frequency-response characteristics presented in Figures 12, 13b and
14-18 met the acceptance criteria given in Description (1) (see Section 5.9). At the same
time, these characteristics had PR indices (10) greater than 33% (Table 3) and FR indices
(11) greater than or equal to 0 Hz (Table 3). This fact confirmed that the PSS had the
correct properties (i.e., the PSS was fine-tuned) if the active power frequency-response
characteristic met the following system of inequalities:

PR>0
{FR >0 12)

The FR index as described by relation (11) can be presented in a graphical form (3D
diagram) as a function of the frequencies f pss on and fo pss orr described by the relations
(6) and (8). A 3D view of the FR index (general relation) on the f( pss orr—f0 rss on plane
for both frequencies in the range of 1 Hz to 2 Hz is shown in Figure 19.

1.0

0.8 -

0.5

Surface of
FR=0Hz

FR [Hz]
o
o
/

'
-
o
'

1.75 2.00

1.50 1.75

1.25 1.50

0p 1.25
5S Orr [Hz) 1.00  1.00

A — [Hz]

Figure 19. 3D graphical presentation of the FR index plotted on the f( pss oN-f0 Pss OFr plane (general
relation).
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FR indices that meet the system of inequalities (12) must be located on the f( pss on—
fopssOFf plane in the triangular area of fopsson > fopssopr or on its border FR = 0
(Figure 19; green triangle and border between green and red). According to the system of
inequalities (12), the PR indices of the fine-tuned power system stabilizers (PR > 0) should
be located on the f( pss orr—f0 pss oN plane in the above-mentioned area. In order to verify
this idea, the PR indices of the PSS2A and PSS2B from Table 3 are shown in Figure 20 in the

form of pyramids on the f( pss orr—f0 rss on plane.

PSS No. 1 SESites
75% — |
PSS No. 7 |
PSS No. 5 ¥
45% ]
nd
£ 300 PSS No. 6
PSS No. 4
15% -]
2.00
0%
2'00 1.?5
1.75 o 1.50 A
; S 125 oN
- 1.25 £,05°
S oFr [Hz] 100 1.00

Figure 20. A 3D presentation of the PR indices from Table 3 plotted on the f( pss on—f0 Pss OFr plane.

All pyramids (PR indices) in Figure 20 “stick out” above the horizontal surface of
PR = 0%. Moreover, all pyramids stand in the area of fy pss oN > fo Pss OpF Or on its border
FR = 0. The 3D graphical presentation of the PR indices confirmed that all seven active
power frequency response characteristics met the system of inequalities (12).

Based on the presented examples, we concluded that the active power frequency-
response characteristics met the acceptance criteria given in Description (1) (see Section 5.9)
if they met the system of inequalities (12).

The 3D diagram (Figure 20) enabled quick verification and comparison of the settings
quality of the many PSSs. In particular, if we took into account the similar generating
units connected to the same node of the transmission system, the detection of incorrect
PSS settings was immediate. The benefits of these new indicators were best seen when the
characteristics of Gpss on (f) and Gpss orr (f) were combined into one graph (Figure 21).
Such a comparison then became very difficult in contrast to the same PSS characteristics
presented by the new PSS indices in Figure 20.
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Figure 21. Active power frequency-response characteristics from Figures 12, 13b and 14-18.

7. Discussion

The summary of the required PSS tests presented in this paper in Table 2 showed that
these tests were different in different power systems. Moreover, these tests were different
for transmission system operators (TSOs) even though they worked in the same large power
system. We recommend standardizing the list of the required PSS tests according to Table 2.
The part of these tests that should be required by all TSOs is the PSS frequency-response
test (active power frequency-response test) that was discussed in more detail in Section 5.5.
The new proposed indices of the PSS were based on the active power frequency-response
characteristic with a PSS and without a PSS. The measurement of these indices (the peak
ratio PR (10) and the frequency ratio FR (11)) should be required as a part of an acceptance
test of a synchronous machine regulator. The acceptance criteria for these indices should be
the system of inequalities (12).

The value of the PR index is strongly connected to the PSS gain Kg; (see Section 5.4),
which is limited to no more than 1/3 of its critical gain Ks; 1pv [1,33]. To solve this
problem and provide enough damping in the inter-area modes, a parallel block added
to the conventional PSS can be used [8], but in this case, the excitation system model
will not conform to the standard [18]. The PR indices in Table 3 had values greater than
33%, so doubts may be raised by the weak criterion of PR > 0 (12). However, it was not
possible to tighten the PR index criterion due to the PSS quality assessment method—the
relative damping test. Only a detailed analysis of the absolute value of the active power
damping would show how much the PSS function could increase the damping of active
power oscillations.

The correlation between the PR indices of a large number of power system stabilizers
(shown in Figure 20—3D graph) and the power system stability can be also the subject of
further analysis. The analysis of the correlation between the PR indices may be the topic of
a future article; the 3D graph of the PR indices can be used to compare the PSSs features
before and after optimization.

The comparative analysis of the active power frequency-response characteristics with
a PSS and without a PSS (shown in Figure 21) was very difficult, but when using new
indices and the 3D diagram (Figure 20), it was efficient and effective. Moreover, the 3D
graph solved the issue of whether the PSS provided (with accuracies specified by the
authors of PR > 0 and FR > 0) sufficiently good damping properties of the active power
oscillation in the frequency domain and in the time domain.
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8. Conclusions

This paper presented two new performance indices for the PSS (peak ratio—PR and
frequency ratio—FR), the methods of determining both indices, as well as how to apply
them in practice, which was demonstrated by the tests of the real synchronous generators
in the power system. Based on the obtained measurement results, recommended values of
new indices were indicated. Due to their simplicity, the new performance indices proposed
in this paper have great potential for practical application.

The new indices allow for the effective finding of PSSs with incorrect settings and (as
a result after adjusting the PSS settings) to improve the stability of the power system, thus
mitigating the risk of power system collapse.

The implementation of the proposed new indices by the TSO (which would require
changing the current recommendations) will allow for a quick diagnosis of the condition of
the analyzed fragment of the power system via the graphical visualization of the properties
of many synchronous generators equipped with PSSs in a single 3D diagram. This article
showed that a comparative analysis of PSS active power frequency-response characteristics
was very difficult and laborious, but using the proposed new PSS indices and the 3D
diagram allowed us to clearly present the effectiveness of the tested PSSs. As a result,
it enabled the quick and effective identification of generating units that did not provide
sufficient damping of the active power oscillations.
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